Background: MRI fluid-attenuated inversion recovery (FLAIR) studies reported hyperintensity in the corticospinal tract and corpus callosum of patients with amyotrophic lateral sclerosis (ALS). Purpose: To evaluate the lesion segmentation toolbox (LST) for the objective quantification of FLAIR lesions in ALS patients. Study Type: Retrospective. Population: Twenty-eight ALS patients (eight females, mean age: 50 range: 24-73, mean ALSFRS-R sum score: 36) were compared with 31 age-matched healthy controls (12 females, mean age: 45, range: 25-67). ALS patients were treated with riluzole and additional G-CSF (granulocyte-colony stimulating factor) on a named patient basis. Field Strength/Sequence: 1.5 T, FLAIR, T 1 -weighted MRI. Assessment: The lesion prediction algorithm (LPA) of the LST enabled the extraction of individual binary lesion maps, total lesion volume (TLV), and number (TLN). Location and overlap of FLAIR lesions across patients were investigated by registration to FLAIR average space and an atlas. ALS-specific functional rating scale revised (ALSFRS-R), disease progression, and survival since diagnosis served as clinical correlates. Statistical Tests: Univariate analysis of variance (ANOVA), repeated-measures ANOVA, t-test, Bravais-Pearson correlation, Chi-square test of independence, Kaplan-Meier analysis, Cox-regression analysis. Results: Both ALS patients and healthy controls exhibited FLAIR alterations. TLN significantly depended on age (F(1,54) = 24.659, P < 0.001) and sex (F(1,54) = 5.720, P = 0.020). ALS patients showed higher TLN than healthy controls depending on sex (F(1, 54) = 5.076, P = 0.028). FLAIR lesions were small and most pronounced in male ALS patients. FLAIR alterations were predominantly detected in the superior and posterior corona radiata, anterior capsula interna, and posterior thalamic radiation. Patients with pyramidal tract (PT) lesions exhibited significantly inferior survival than patients without PT lesions (P = 0.013). Covariate age exhibited strong prognostic value for survival (P = 0.015). Data Conclusion: LST enables the objective quantification of FLAIR alterations and is a potential prognostic biomarker for ALS. Level of Evidence: 3 Technical Efficacy: Stage 2
variability of onset (limb or bulbar), extent of UMN and LMN involvement, and affected site (upper or lower limbs, distal or proximal muscles). Facing the psychological impact of a life-threatening diagnosis, precise ALS diagnosis requires the reliable exclusion of other disorders. 2 Electromyography, lumbar puncture, and magnetic resonance imaging (MRI) may provide promising biomarkers, improving the classification of ALS and the identification of mimic disorders. 1, 2 MRI findings like cortical thinning of the precentral cortex as well as reduced fractional anisotropy of the corticospinal tract (CST) and corpus callosum (CC) are promising biomarkers for ALS. 3 CST involvement in ALS may be detected by brain MRI as well as spinal cord MRI. 4 Conventional fluid-attenuated inversion recovery (FLAIR) imaging is a T 2 -weighted MRI sequence that eliminates signals derived from free cerebrospinal fluid. 5 FLAIR imaging enables the detection of cortical, subcortical, and paraventricular lesions and is considered a crucial sequence for multiple sclerosis (MS). 6, 7 In ALS, FLAIR imaging studies could show a pathological signal increase in the CST [8] [9] [10] [11] [12] and the CC. 12 However, the sensitivity and specificity of FLAIR imaging for ALS are controversial, as FLAIR hyperintensity is also detectable in healthy controls 13, 14 and was predominantly found in ALS patients with disease progression. 15 Only a few studies using FLAIR imaging objectively quantified FLAIR alterations in ALS. 8, 10, 12, 16 The automated lesion segmentation toolbox (LST) established in MS research enables the objective and time-saving quantification of white matter (WM) lesions in FLAIR images. 17 Thus, the aim of this study was to evaluate the potential of the LST in the detection of FLAIR lesions in ALS patients. We investigated the localization and overlap of FLAIR lesions across patients and potential correlations to clinical data.
Materials and Methods

Participants
The unicenter project was carried out in accordance with the Declaration of Helsinki 18 and was approved by the local Ethics Committee (ethics approval: 15-101-0106). Written informed consent was obtained prior to participation. The sample of this study was composed of 28 ALS patients compared with 31 age-matched healthy controls. Overall, 25 patients were diagnosed with classic limb-onset ALS, whereas another three patients exhibited bulbar-onset of the disease. All ALS patients received riluzole standard therapy and additional G-CSF (granulocyte-colony stimulating factor, Filgrastim) on a named patient basis. Application modes and doses of G-CSF were individually adapted; treatment duration was up to 7 years. Safety and monitoring of ALS patients required the assessment of ALSFRS-R scores every month and MRI acquisition every 3 months.
Data Acquisition
Structural FLAIR MRI was performed on two 1.5 T clinical scanners using identical settings (Aera, Sonata, Siemens Medical, Erlangen, Germany) with 2D-axial orientation (repetition time 19 served as a reference for the transfer of regions of interest (ROIs) (see section Locations and Overlap of FLAIR Lesions). T 1 -weighted structural images were assessed in all healthy controls and a subset of ALS patients (n = 20) using a magnetization prepared rapid gradient echo sequence (MPRAGE) (TR: 2220 msec, TE: 5.97 msec, FA: 15 , voxel size: 1 × 1 × 1 mm 3 , field of view [FOV]: 256 × 256 mm 2 , 176 sagittal slices covering the whole brain).
Lesion Segmentation Toolbox
Individual FLAIR data were analyzed by the lesion prediction algorithm (LPA) 20 included in the freeware LST v. 2.0.15 (www. statistical-modelling.de/lst.html) for SPM (SPM12, MatLab v. 2015b; MathWorks, Natick, MA). LPA involves a binary classifier based on the logistic regression model developed on data from 53 patients with severe MS lesions. 20 The model involves lesion belief maps and considers spatial covariates. Based on the model, lesions are segmented by calculation of lesion probabilities for each voxel. Raw FLAIR data were preprocessed and lesion probability maps were estimated. Values of interest like TLV (total lesion volume in ml) and TLN (number of lesions) were extracted by thresholding individual lesion probability maps. Threshold kappa was set to κ = 0.5, as this threshold was recommended for LPA SPM12 use. 21 Binary lesion maps thresholded by κ enabled the visualization of individual patients' FLAIR lesions. T 1 data are not required for LPA use. However, LPA provides the possibility for T 1 registration in the case of low-resolution FLAIR images. 20 A separate control analysis involving all healthy controls and a subset of ALS patients (n = 20) investigated effects of precedent T 1 registration on LPA results.
Locations and Overlap of FLAIR Lesions
Individual FLAIR images of ALS patients were registered to the FLAIR average template 19 by linear and nonlinear registration tools (FLIRT, FNIRT) of FSL (Freesurfer v. 3.2). Individual binary lesion maps were transferred to an average FLAIR template. Localization of FLAIR lesions was performed by the use of a WM atlas. 22 The atlas defines 48 WM areas in average diffusion-weighted imaging (DWI) space. Masks of these WM regions were registered from average DWI space to average FLAIR space by FLIRT and enabled the description of locations of FLAIR lesions. Addition of individual binary lesion maps across ALS patients enabled the investigation of size and distribution of FLAIR lesions across individual ALS patients.
Quantitative and Visual Evaluation of FLAIR Images
Results of the LST were compared with visual evaluation in three exemplary patients. Visual evaluation was performed by two neuroradiologists with long professional experience (S.G.: >30 years; W.C.: 8 years). The choice of patients included one patient evaluated with inconspicuous FLAIR images, one patient with unspecific FLAIR lesions, and one patient with ALS-specific FLAIR lesions in the pyramidal tracts (PT).
Separate Control Analysis on T 1 Registration
A separate control analysis was conducted to investigate the effects of the preceding T 1 registration on LPA results. The healthy control group (n = 31) and a subset of patients (n = 20) were included in this control analysis. Control analysis in patients was restricted to a subgroup due to lack of T 1 data in eight patients. Threshold κ was set to 0.5 in both groups.
Statistical Analysis
Two univariate analyses of variance (ANOVAs) (TLV, TLN) took into account factors group (ALS, controls), sex, and covariate age and investigated differences in TLV and TLN between all 28 ALS patients and all 31 healthy controls. ANOVA effects were analyzed by independent and dependent t-tests. Bravais-Pearson correlation analyses examined the relation of TLV and TLN to age, ALSFRS-R scores, disease progression rates, and elapsed time since diagnosis. Chi-square tests of independence were applied to analyze differences in frequencies of FLAIR lesions between ALS patients and healthy controls in most affected WM regions. Survival since diagnosis was analyzed by the Kaplan-Meier log-rank test. Seven out of 28 ALS patients were still alive and considered as censored data. In these seven patients, survival was calculated as the time span between diagnosis and MRI scan. Cox-regression analysis was used to investigate the effects of potential prognostic factors (age, sex, ALSFRS-R scores, disease progression rates) on survival. Separate control analysis examined the effects of precedent T 1 registration on LST results. This control analysis was performed using repeated-measures ANOVAs including a within-subject factor (with or without preceding T 1 registration), between-subject factors group (ALS, controls) and sex, and the covariate age for both TLV and TLN. The significance level was set to P < 0.05. Multiple comparison errors were controlled for by use of Bonferroni correction.
Results
Participants
In all, 28 ALS patients (eight females) were compared with 31 age-matched controls (12 females). The characteristics of ALS patients and healthy controls are summarized in Table 1 . ALS patients did not significantly differ from healthy controls in age (T(57) = -1.560; P = 0.124). Sex-specific differences in age were detected neither between ALS patients and healthy controls (females: T (18) = -0.826, P = 0.420; males: T(37) = -1.307, P = 0.199) nor within groups (ALS: T (26) = 0.268, P = 0.792; controls: T (29) = 0.076, P = 0.940).
Total Lesion Number and Volume
Two univariate ANOVAs (ALS n = 28, healthy controls n = 31) revealed highly significant effects of covariate age on both TLV (F(1,54) = 22.171, P < 0.001) and TLN (F(1,54) = 24.659, P < 0.001). These findings were supported by highly significant correlations of age with TLV (r = 0.529, P < 0.001, corrected) and TLN (r = 0.554, P < 0.001, corrected). TLN was significantly dependent on sex (F(1,54) = 5.720, P = 0.020) and tended to be higher in male compared with female participants (T(57) = 2.261, P = 0.028, uncorrected). Age was not significantly different between male and female participants (T(57) = 0.374, P = 0.711). ALS patients showed a significant increase in TLN compared with healthy controls dependent on sex (F(1,54) = 5.076, P = 0.028) ( Fig. 1a ). FLAIR lesions were significantly more frequent in male ALS patients than in female ALS patients (T (26) = 3.879, P < 0.001, corrected; males: n = 20, M = 8.55, SD = 5.978, females: n = 8, M = 2.375, SD = 2.44) and tended to be more common than in male healthy controls (n = 19) (T(37) = -2.020, P = 0.051). TLN did not significantly differ between female ALS patients and female healthy controls (n = 12) (T (18) = 1.237, P = 0.233) or between female and male healthy controls (T (29) = 0.136, P = 0.893). No significant differences in age were observed between female and male ALS patients (T (26) = 0.268, P = 0.792), between male controls and male ALS patients (T(37) = -1.307, P = 0.199), or between female controls and female ALS patients (T (18) = -0.826, P = 0.420). The most pronounced levels of TLN were observed in two patients with bulbar-onset. TLV did not significantly differ between ALS patients and healthy controls (F(1,54) = 1.407, P = 0.241) or between sex (F(1,54) = 1.639, P = 0.206). No significant interaction effect of sex with group (ALS, controls) was observed for TLV (F (1,54) = 1.562, P = 0.202). TLN and TLV were strongly intercorrelated (r = 0.790, P < 0.001, corrected).
Characteristics of FLAIR Lesions
Individual binary lesion maps of ALS patients (n = 28) revealed most frequent FLAIR lesions in the callosal genu (n = 27) and body (n = 23), the anterior (n = 24), superior (n = 20), and posterior (n = 19) corona radiata, posterior thalamic radiation (n = 15), and the anterior capsula interna (n = 14) ( Fig. 1b ). Healthy controls (n = 31) exhibited similar frequency of FLAIR alterations in the genu (χ 2 (1) = 0.253, P = 0.615, φ = 0.065), body (χ 2 (1) = 1.015, P = 0.314, φ = 0.131) and the anterior corona radiata (χ 2 (1) = 0.024, P = 0.877, φ = 0.020). However, FLAIR lesions in the superior (χ 2 (1) = 6.345, P = 0.012, φ = 0.328) and posterior corona radiata (χ 2 (1) = 7.460, P = 0.006, φ = 0.356), posterior thalamic radiation (χ 2 (1) = 6.042, P = 0.014, φ = 0.320), and marginally in the anterior capsula interna (χ 2 (1) = 3.683, P = 0.055, φ = 0.250) were significantly more frequent in ALS patients than in healthy controls.
FLAIR lesions at the ventricular borders were detected in ALS patients as well as in healthy controls. Individual binary lesion maps across all ALS patients were accumulated into an overlap lesion map (Fig. 2 ). FLAIR lesions of ALS patients were small (TLV: M = 0.72 ml, SD = 0.22) and diffuse. 65% of voxels with FLAIR alterations showed no overlap between ALS patients.
Quantitative and Subjective Evaluation of FLAIR Images
The results of LST were compared with visual evaluation of FLAIR images by two experienced neuroradiologists ( Fig. 3 ). Both neuroradiologists classified the FLAIR images of patient 1 (Fig. 3a) as age-related without abnormalities. LST only marked regions at the ventricular border. Patient 2 (Fig. 3b ) was evaluated with multiple small and unspecific WM lesions but weak to no evidence for pathological signal change in PTs. Consistent with this visual evaluation, LST detected no lesions in PTs but the presence of unspecific WM lesions (white arrow, Fig. 3b ). Patient 3 (Fig. 3c ) was evaluated with symmetrical signal change along the PTs in both LST and visual evaluation of the two neuroradiologists. Increased FLAIR signal in the PTs was not evaluated as an artifact, as it was persistent across the following brain slices (Fig. 3d ). Signal changes along the PTs as visualized in Patient 3 were marked by LST in 14 out of 28 ALS patients.
Clinical Correlations
LST variables did not significantly correlate with disease progression rates (TLV: r = 0.045, P = 0.820; TLN: r = -0.101, P = 0.608). ALSFRS-R scores at baseline significantly correlated with elapsed time between diagnosis and MRI scan (r = -0.520, P = 0.005, corrected). However, ALSFRS-R sum scores only weakly correlated with TLV of ALS patients (r = -0.417, P = 0.027, uncorrected) and showed no significant correlation with survival since diagnosis (r = 0.136, P = 0.569). A tendency towards an association between TLN and survival (r = -0.445, P = 0.050, uncorrected) led to the following post-hoc analysis: (Fig. 4) . Cox-regression analysis demonstrated the prognostic value of age (hazard ratio: 1.067, CI: 1.01-1.12; P = 0.015) for survival. No prognostic value was observed for ALSFRS-R scores (P = 0.964), disease progression rates (P = 0.154) or sex (P = 0.245).
Control Analysis on Preceding T 1 Registration
A separate control analysis (ALS n = 20, controls n = 31) investigated bias effects of precedent T 1 registration on LPA lesion segmentation. Registration to T 1 images did not significantly affect TLN (F(1,46) = 0.008, P = 0.930). In contrast, TLV was significantly increased if LPA was preceded by registration of FLAIR images to T 1 images (F(1,46) = 7.538, P = 0.009).
Discussion
LST revealed enhanced frequency of FLAIR alterations in male ALS patients. FLAIR lesions were small and diffuse and more frequent in ALS patients than in healthy controls in the superior and posterior corona radiata, posterior thalamic radiation, and anterior capsula interna. The presence of PT lesions as detected by the LST was associated with inferior survival. FLAIR lesions may be interpreted as loss of myelination in fibers. 17 In healthy subjects, FLAIR alterations were observed to increase with age. 7 Consistent with this finding, we detected distinct effects of age on TLN and TLV. LST revealed FLAIR hyperintensity in both ALS patients and healthy controls, as reported in other studies. 8, 13, 14, 23 FLAIR lesions were observed to be dependent on sex and more frequent in male ALS patients than in female ALS patients as well as male healthy controls. In contrast, healthy controls showed no sex-specific differences in FLAIR alterations, as reported by Gawne-Cain et al. 7 Sexspecific differences in FLAIR lesions were reported for MS patients despite balanced age and disease duration. 24 In ALS research, effects of sex on FLAIR hyperintensity were not detected 23 or not analyzed. 8, 10, 12, 14, 16, 25, 26 Sex-specific differences may be due to outliers with low TLN in the small sample size of female ALS patients (n = 8). Consistent with this consideration, several studies failed to detect FLAIR alterations in all ALS patients of the sample. 13, 16, 25, 27, 28 FLAIR alterations were discussed to occur predominantly in patients with a progressed stage of ALS. 13, 25, 29 The two patients with the highest TLN had bulbar-onset of disease. This finding is consistent with Vazques-Costa et al 23 reporting more pronounced FLAIR signal change of the CST in bulbar-compared with limb-onset patients. Total lesion volumes in ALS patients were comparable to that of healthy controls and much lower than in other neurological diseases such as MS. 21 These findings are consistent with previous studies reporting the dominant role of frequency rather than volumes of FLAIR alterations in ALS. 13, 14 FLAIR lesions in ALS patients were most prominent in the corona radiata and body and genu of the CC. These findings are consistent with a study 12 reporting most pronounced FLAIR hyperintensity of classic ALS in corona radiata of the CST and the body of the CC. Similarly, we observed FLAIR lesions to be more frequent in ALS patients than in healthy controls in the superior and posterior corona radiata. FLAIR alterations in the CC were shared in both ALS patients and healthy controls. These findings may indicate that detected callosal FLAIR lesions may be age-related 7 or may result from FLAIR artifacts. 30 Moreover, FLAIR alterations were detected at the ventricular borders. FLAIR hyperintensity visualized as thin lines surrounding ventricles is a frequently observed phenomenon also in healthy controls 7 and may be associated with cerebrospinal fluid/vascular pulsation artifacts 30 or artifacts originating from incomplete signal inversion. 31 However, structural changes at the ventricular borders may as well indicate processes in the region of neurogenesis (subventricular zone). 32 LST detected FLAIR alterations at the PT in 14 out of 28 patients. These lesions often appeared to be symmetric across hemispheres as reported in Cheung et al. 33 The good correspondence of LST results to findings of visual evaluation 8, 10, 13, 24 and quantitative evaluation 8, 10, 12 argue for the potential of LST use. The interpretation of numerical TLN and TLV should be done carefully, as LST may be biased by hyperintensity derived from incomplete signal inversion along the ventricular walls resulting in CSF-ventricular-border-artifacts. Still, LST was useful in the fast and objective detection of intracerebral lesions.
Correlations of both ALSFRS-R and disease progression rates with LST variables were rather weak or not detectable. Lack of correlation between FLAIR intensity and clinical data was frequently reported in both visual evaluation studies 9, 11, 34 and quantitative studies. 8, 16 Kaplan-Meier analysis detected inferior survival for patients with PT lesions compared with patients without PT lesions. Thus, the LST may not only help to monitor intracerebral lesions but may also contribute to prognosis and diagnosis of different ALS phenotypes. Coxregression analysis revealed significant prognostic value of age for survival. This is consistent with Pupillo et al 35 showing age as one of the most relevant prognostic factors of ALS survival. The baseline ALSFRS-R score significantly correlated with elapsed time between diagnosis and MRI scan, but had no predictive value for the survival of patients. Prognostic values of sex, ALSFRS-R scores, and disease progression rates on survival were less consistently reported than that of age. 36 Several methodological limitations may be considered. First, the sample size was limited to n = 28 patients. The subset of female patients did not show severe FLAIR lesions potentially affecting group statistics. Still, the sample size was adequate to detect a higher frequency of FLAIR lesions in male patients at the group level. Second, the sample included both limb-onset and bulbar-onset patients. Lack of balanced sample sizes (limb-onset: n = 25, bulbar-onset: n = 3) allowed for no statistical test for ALS onset. A separate control analysis revealed that TLV was biased by precedent T 1 registration. TLN was stable in T 1 registration. Thus, precedent registration of lower-resolution FLAIR data to higher-resolution T 1 images may bias the size of detected FLAIR lesions.
In conclusion, LST is an accessible and time-saving tool for objective quantification of FLAIR alterations in ALS. The predictive value of FLAIR alterations for survival prognosis underlines the relevance of monitoring FLAIR images in ALS patients and its potential for the classification of ALS phenotypes. Future studies may explore FLAIR alterations detected by LST in different ALS subtypes and ALS mimic disorders to underline ALS-specificity of these FLAIR lesions.
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